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A B S T R A C T
Introduction: High dominant frequency (DF) sites during atrial ﬁbrillation (AF) play an important role in
the perpetuation of AF. We investigated the relationship between the DFs from intracardiac electrograms
(iEGM) and the surface electrocardiogram (ECG) during AF, and the relationship between the surface ECG
DF and atrial remodeling.
Methods: In 48 patients (57  11 years, 47 males, 20 paroxysmal), the V1–6 precordial leads and
speciﬁc V7–9 ECG leads were recorded for 8 s for an off-line analysis before AF ablation. The QRS-T
complex was canceled by a template subtraction algorithm using the CEPASTM system (Cuoretech
Pty Ltd, Sydney, Australia). The iEGM DF maps, reconstructed using the Ensite NavX (St. Jude Medical,
Inc., St. Paul, MN, USA) system, were simultaneously created for the right atrium and left atrium (LA)
during AF.
Results: The DF in leads V8 and V9 correlated well with the DF in the LA ﬂoor (R = 0.55, p < 0.01; R = 0.68,
p < 0.01, respectively), and that in V1 with the right inferior pulmonary vein (R = 0.45, p = 0.01).
Persistent AF patients had a signiﬁcantly lower DF in lead V9 (5.7  1.0 Hz vs. 6.7  1.5 Hz, p = 0.02) than
paroxysmal AF patients.
Conclusions: A frequency analysis from lead V9 reﬂects the LA electrical activity.
 2015 Japanese College of Cardiology. Published by Elsevier Ltd. All rights reserved.
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In recent years it has been established that electrical
and structural remodeling of the atria are consequences of
sustained atrial ﬁbrillation (AF). The development of frequency
analysis techniques for local bipolar signals during AF has
enabled the characterization of the spatial distribution of the
excitation frequency, and has provided insight into the mecha-
nisms of AF [1–3]. The frequency analysis of the ﬁbrillatory
waves (f-waves) by Fast Fourier Transform (FFT) during AF has
been applied to the intracardiac electrogram (iEGM) and surface* Corresponding author at: 30-1 Ohyaguchi-kamicho, Itabashi-ku, Tokyo
173-8610, Japan. Tel.: +81 3 3972 2413; fax: +81 3 3972 1098.
E-mail address: yasuwo128@hotmail.co.jp (Y. Okumura).
http://dx.doi.org/10.1016/j.jjcc.2015.06.006
0914-5087/ 2015 Japanese College of Cardiology. Published by Elsevier Ltd. All rightselectrocardiogram (ECG) [4,5]. Although previous studies
have shown that a high dominant frequency (DF) is associated
with atrial remodeling, the relationship between the surface
ECG DF and iEGM DF, and the atrial substrate remains unclear.
With respect to the posterior unipolar leads V7, V8, and V9,
which are occasionally used in the diagnosis of an acute
myocardial infarction in the posterior left ventricle [6], the pattern
of the P waves in the normal population is predominantly upright,
as opposed to isoelectric or inverted [7]. Therefore, we sought to
evaluate the additional value of these 3 posterior unipolar chest
electrodes in addition to the standard precordial ECG leads for the
frequency analysis of AF. We therefore investigated the relation-
ship between the DFs recorded from the surface ECG and iEGM
during AF, and the relationship between the surface ECG DF and
atrial remodeling. reserved.
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Study population
The subjects consisted of 48 consecutive patients with
symptomatic drug-refractory AF (mean age, 57.2  10.5 years;
47 males) undergoing an initial radiofrequency catheter ablation. All
patients gave their written informed consent to the electrophysio-
logic study (EPS), ablation procedure, and this protocol. The group
comprised 20 patients with paroxysmal AF (spontaneous termination
within 7 days), and 28 patients with persistent AF (AF lasting
over 7 days). Adequate oral anticoagulation was given for at
least 1 month before the procedure. All antiarrhythmic drugs were
discontinued for at least 5 half-lives prior to ablation. Upon
admission, transesophageal and transthoracic echocardiograms were
performed. The conventional echocardiographic measurements, left
atrial dimension (LAD) at the end systole in the parasternal long-axis
view, maximum left atrial volume (LAV) by the prolate-ellipsoid
method, and left ventricular ejection fraction (LVEF) by the
Teichholz’s method, were calculated [8]. All patients underwent
multi-detector computed tomography (320-row detector, dynamic
volume computed tomography scanner; Aquilion ONE, Toshiba
Medical Systems, Tokyo, Japan) for 3-dimensional (3D) visualization
of the left atrium (LA) and pulmonary veins (PVs).
Electrophysiologic study
An EPS and ablation were performed under sedation, achieved
with an intravenous infusion of dexmedetomidine and fentanyl.
Vascular access was obtained through the right internal jugular
vein and femoral veins. A steerable intracardiac cardioversion
catheter (BeeAT, seven distal 4 mm electrodes with 2 mm spacing,
and seven proximal 4 mm electrodes with 2 mm spacing; Japan
Lifeline Co., Ltd, Tokyo, Japan) was placed in the coronary sinus (CS)
through the right internal jugular vein. After a single trans-septal
puncture, intravenous heparin was administered to maintain anFig. 1. Spectral analysis of representative cases with paroxysmal and persistent AF from t
and the frequency spectra of the signals with the corresponding values of the DF in the 
cycle length signals, and a lower DF than that in the paroxysmal AF patient. On the DF map
AF, atrial ﬁbrillation; iEGM, intracardiac electrogram; LA, left atrium; DF, dominant freactivated clotting time above 300 s. After this, 3 long sheaths (SL0
sheath, SL1 sheath, and AgilisTM sheath, St. Jude Medical, St. Paul,
MN, USA) were inserted into the LA via a trans-septal puncture. The
3D geometry of the LA, 4 PVs, and right atrium (RA) were
reconstructed with the NavX mapping system (St. Jude Medical).
The following catheter was introduced as a mapping catheter and
placed in the mapped chamber: A duo-decapolar ring catheter
(Reﬂexion HD catheter; 2-7-2 mm inter-electrode distance; St.
Jude Medical) was used for creation of the 3D geometry and
electrical signal recording.
Intracardiac electrogram analysis
All patients underwent high density mapping (mapping points
> 300 points) of the RA, LA, and PVs during AF before the ablation
procedure. If the patient was in sinus rhythm at the start, we
created a voltage map of the LA (n = 18), and then AF was induced
by rapid atrial pacing from the coronary sinus ostium for the
subsequent mapping. The bipolar signals were acquired for 5 s
at each site from the 20-pole mapping catheter (ﬁlter setting,
30–500 Hz). The recording sites were as follows: the lateral wall
and septum of the RA, right atrial appendage, superior vena cava–
RA junction, cavo-tricuspid isthmus (CTI), 4 PVs, antra of each PV,
anterior, posterior, septum, roof and ﬂoor of the LA, mitral isthmus,
and left atrial appendage (LAA). In each of these regions in all
patients, an average of ﬁve mapping points was obtained to
conﬁrm the consistency of the frequency spectra and DF of each
region. For the voltage map, the bipolar voltage amplitudes in
each of these regions of the LA were averaged, and then compared
between the patients with paroxysmal and persistent AF. All signals
were visually inspected and those with noise and artifact were
excluded from analysis. For the FFT analysis, the bipolar signals
recorded during AF were analyzed, and a DF map was constructed by
means of the DF software installed on the NavX mapping system
(sampling rate 1200 Hz, resolution 0.14 Hz, with a Hamming
window function) [9,10]. Fig. 1 shows the representative iEGMhe iEGM on the LA ﬂoor. The raw signals in both cases are shown in the upper panels
lower panels. Note that the persistent AF patient has highly fragmented and longer
, the areas in bright purple are deﬁned as the high DF sites with a frequency of >8 Hz.
quency.
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DF gradient was obtained from the comparison between the average
DF of all LA sites and that of all RA sites [2,11,12].
Surface electrocardiogram analysis
The standard precordial leads V1–6 and surface leads V7–9 ECG
were recorded for 60 s for an off-line FFT analysis with the
simultaneous acquisition of the sequential RA, LA, and PV
recordings before the ablation. Leads V7–9 were placed on the
posterolateral to posterior chest wall as follows: V7, left posterior
axillary line; V8, tip of the left scapula; and V9, left paraspinal
region in the same horizontal plane as V6 [6,7]. The signals were
recorded and stored using a LabSystem PRO (BARD, Bard
Electrophysiology, Lowell, MA, USA) with a sampling rate of
1000 Hz, lower cutoff frequency of 0.5 Hz, and upper cutoff
frequency of 50 Hz. The 8-s segments were exported to the
customized CEPASTM computer software (Cuoretech Pty Ltd,
Sydney, Australia) for an off-line analysis. Within the same 8-s
recording window, a spectral analysis to determine the DF was
performed. For the DF analysis, the exported signals were ﬁltered
using a wavelet ﬁlter as a baseline removal ﬁlter and a low pass
ﬁlter with a cutoff frequency of 100 Hz. Since the atrial and
ventricular activities overlapped spectrally, the averaged QRS-T
complexes were subtracted from the surface ECG using anFig. 2. Schematic representation of the frequency analysis of the surface ECG. (A) Exampl
ﬁbrillation. The QRS-T complex was canceled by a template subtraction algorithm. (B) Th
frequency spectrum is determined. ECG, electrocardiogram; RI, regularity index; DF, dautomatic QRS-T detection algorithm (Fig. 2). If the automatic
detection algorithm did not work to accurately ﬁnd the Q onset
and T offset locations for a particular electrogram channel, it was
possible to make manual adjustments on individual channels and
apply the modiﬁed QRS-T locations to all channels. Following the
QRS-T cancelation the residual atrial ﬁbrillatory signals were full
wave rectiﬁed and the FFT window was set to a Flat Top window.
The spectrum was computed using the FFT.
Deﬁnitions
The DF was deﬁned as a frequency with a maximum power in
the frequency range of 3–15 Hz [5]. The regularity index (RI),
deﬁned as the ratio of the area under the curve of the spectrum,
within the 0.75 Hz band around the DF, to the area under the
spectrum curve over the whole 3–15 Hz band, was computed to
quantify the sharpness of the dominant peak at the same time
[1,13,14]. When calculating the DF from the surface ECG,
frequencies of less than 3 and over 15 Hz were excluded because
it was impossible to perform DF measurements on them.
Statistical analysis
Continuous variables are expressed as the mean  standard
deviation or median and interquartile ranges. When values weree of an electrocardiogram with the corresponding frequency spectrum during atrial
e ﬁbrillatory signals are then subjected to a Fast Fourier Transform analysis, and the
ominant frequency.
Table 1
Clinical characteristics and echocardiographic variables.
Variable Total patients (n = 48) Paroxysmal AF (n = 20) Persistent AF (n = 28) p-value
Age (years) 57  11 58  11 56  10 0.6064
Sex, male (%) 47 (98) 20 (100) 27 (96) 0.3931
AF duration (months) 42 (17–73) 35 (15–52) 60 (19–108) 0.0287
Body mass index (kg/m2) 25.1  3.6 25.1  4.5 25.1  2.8 0.9899
Comorbidity
Hypertension 27 (56) 13 (65) 14 (50) 0.3017
Diabetes mellitus 6 (13) 0 (0) 6 (21) 0.0269
Stroke 5 (10) 2 (10) 3 (11) 0.9363
Dyslipidemia 10 (21) 3 (15) 7 (25) 0.4003
Heart failure 12 (25) 4 (20) 8 (29) 0.4990
Medications
Class I antiarrhythmic drugs 24 (50) 6 (30) 18 (64) 0.0192
Class III antiarrhythmic drugs 19 (40) 8 (40) 11 (39) 0.9602
ARBs or ACE inhibitors 18 (38) 7 (35) 11 (39) 0.7624
Beta-blockers 25 (52) 9 (45) 16 (57) 0.4064
Calcium channel blockers 11 (23) 5 (25) 6 (21) 0.7716
Statins 7 (15) 2 (10) 5 (19) 0.4174
Echocardiography
LAD (mm) 41  7 40  7 42  7 0.2040
LAV (mL/m2) 48 (36–66) 44 (33–53) 52 (39–73) 0.0295
LVEF (%) 64 (61–69) 64 (60–69) 64 (61–70) 0.8658
Mean LA voltagea (mV) 1.5  1.4 1.7  1.5 1.4  1.4 0.0298
Values are the mean  standard deviation, median (interquartile ranges), or n (%). AF, atrial ﬁbrillation; ARB, angiotensin receptor blocker; ACE, angiotensin-converting
enzyme; LAD, left atrial dimension; LAV, left atrial volume; LVEF, left ventricular ejection fraction; LA, left atrial.
a Abandoned in 13 paroxysmal and 17 persistent AF patients because of the absence of sinus rhythm at evaluation.
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in the variables between the patients with paroxysmal AF and those
with persistent AF. When the values were normally distributed,
between-group differences were analyzed by a Student’s t test.
Differences in the categorical variables were analyzed by a chi-square
test. The surface ECG and iEGM DF were compared by computing a
Pearson’s correlation coefﬁcient. Statistical signiﬁcance was deﬁned
as a p < 0.05. All statistical analyses were performed with JMP
10 software (SAS Institute, Cary, NC, USA).
Results
Baseline characteristics
The clinical and echocardiographic characteristics of the
patients are shown for the paroxysmal AF and persistent AF
groups in Table 1. The patients with persistent AF had a
signiﬁcantly longer duration of AF, higher prevalence of diabetes
mellitus, greater use of class I antiarrhythmic drugs, and greater
LAV than the patients with paroxysmal AF. In limited patients
(n = 18), the average bipolar voltage of the LA was signiﬁcantly
higher in the paroxysmal AF group than persistent AF group
(1.7  1.5 mV vs. 1.4  1.4 mV, p = 0.0298). There were no signiﬁcant
differences in the other baseline characteristics, echocardiographic
LAD, or LVEF between the 2 groups.Table 2
Probability of a successful surface ECG DF analysis per paroxysmal and persistent AF p
Lead Total patients (n = 48) DF (Hz) RI 
V1 44 (92) 6.7  1.9 0.23 
V2 22 (46) 5.5  1.2 0.19 
V3 21 (44) 5.5  1.3 0.19 
V4 17 (35) 5.4  1.5 0.20 
V5 15 (31) 5.5  1.4 0.19 
V6 15 (31) 5.6  1.8 0.18 
V7 25 (52) 5.8  1.4 0.21 
V8 28 (58) 5.9  1.4 0.22 
V9 36 (75) 6.0  1.3 0.21 
Values are the mean  standard deviation or n (%). ECG, electrocardiogram; DF, domina
a Comparison of the percentage of a successful DF analysis for each lead between paThe surface ECG DF analysis
The mean value of the surface ECG DF and RI are shown in
Table 2. When the FFT analysis was performed on the surface ECG,
the DF values in several leads among 48 patients could not be
measured, and thus were excluded from the analysis due to the low
amplitudes of the f-waves. The surface lead numbers used for the
DF analysis in each group are presented in Table 2. The DF was
detectable in lead V1 in 44 of 48 (92%) patients, and in 75% in V9,
respectively, but the DFs were less detectable in the other leads.
Persistent AF patients had a signiﬁcantly higher detection rate of a
DF in lead V9 than the paroxysmal AF patients (86% vs. 60%,
p = 0.0425), but there were no signiﬁcant differences in the DF
detection rate in the other leads between the 2 groups. Overall, the
mean value of the RI was 0.20, and ranged from 0.18 to 0.23.
The iEGM DF analysis
The average DF values of the iEGM at each ﬁducial RA/LA
recording site are shown in Table 3. An LA-to-RA frequency gradient
was observed in the patients with paroxysmal AF with an average
DF gradient of 0.2  0.2 (minimum, 0.6; maximum, 1.2) Hz. The
DF values recorded from the posterior left inferior PV antrum
(7.0  1.0 Hz vs. 6.1  1.0 Hz, p = 0.0192), anterior right superior PV
antrum (7.0  1.3 Hz vs. 6.0  0.7 Hz, p = 0.0276), and CTI (6.8  1.4 Hzatients.
Paroxysmal AF (n = 20) Persistent AF (n = 28) p-valuea
18 (90) 26 (93) 0.7240
8 (49) 14 (50) 0.4930
9 (45) 12 (43) 0.8827
9 (45) 8 (29) 0.2407
9 (45) 6 (21) 0.0824
7 (35) 8 (29) 0.6357
8 (40) 17 (61) 0.1567
9 (45) 19 (68) 0.1133
12 (60) 24 (86) 0.0425
nt frequency; AF, atrial ﬁbrillation; RI, regularity index.
roxysmal and persistent AF patients.
Table 3
Mean DF obtained from the different intracardiac locations.
Site Total patients (n = 48) Paroxysmal AF (n = 20) Persistent AF (n = 28) p-valuea
Lateral RA 7.0  1.3 6.8  1.6 7.1  1.3 0.5616
Septum RA 6.7  1.4 7.0  1.6 6.6  1.3 0.4703
RAA 6.9  1.0 6.8  1.1 7.1  0.9 0.3639
SVC–RA junction 6.7  1.6 6.7  1.8 6.6  1.5 0.8897
CTI 6.4  1.3 5.6  0.9 6.8  1.4 0.0160
LSPV 7.3  1.4 7.6  1.7 7.1  1.2 0.3154
LSPV antrum anterior 7.1  1.6 7.3  1.9 7.0  1.4 0.5455
LSPV antrum posterior 6.7  1.0 6.4  1.0 6.9  1.1 0.1413
LIPV 6.9  1.3 6.9  1.6 6.9  1.2 0.9874
LIPV antrum anterior 6.4  1.2 6.0  0.4 6.7  1.3 0.0763
LIPV antrum posterior 6.8  1.1 6.1  1.0 7.0  1.0 0.0192
RSPV 6.8  1.3 6.4  1.4 7.0  1.3 0.2046
RSPV antrum anterior 6.6  1.3 6.0  0.7 7.0  1.3 0.0276
RSPV antrum posterior 6.7  1.5 6.6  2.0 6.9  1.2 0.4901
RIPV 6.5  1.0 6.3  1.2 6.6  0.9 0.3670
RIPV antrum anterior 6.5  1.0 6.3  1.2 6.6  0.9 0.4446
RIPV antrum posterior 6.7  1.2 6.4  1.7 6.9  0.9 0.2943
LA roof 7.4  1.6 7.4  1.9 7.3  1.5 0.8762
LA septum 7.1  1.3 7.0  1.5 7.0  1.2 0.8825
LA anterior 7.0  1.5 7.6  1.9 6.8  1.2 0.1476
LA posterior 7.0  1.3 6.8  1.3 8.2  5.3 0.3991
LA ﬂoor 7.2  1.4 8.1  1.6 6.8  1.2 0.0134
Mitral isthmus 6.9  1.2 6.7  1.3 7.2  1.2 0.2327
LAA 6.5  1.3 6.7  1.9 6.4  0.9 0.6206
Values are the mean  standard deviation. DF, dominant frequency; AF, atrial ﬁbrillation; RA, right atrium; RAA, right atrial appendage; SVC, superior vena cava; CTI, cavo-
tricuspid isthmus; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LA, left
atrium; LAA, left atrial appendage.
a Comparison of the mean DF for each lead between paroxysmal and persistent AF patients.
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lower (6.8  1.2 Hz vs. 8.1  1.6 Hz, p = 0.0134) in patients with
persistent AF than in patients with paroxysmal AF. There were no
signiﬁcant differences in the DF values at the other sites between the
2 groups. The highest DF for the various intracardiac recordings in the
paroxysmal AF group was higher than that in the persistent AF group
(9.9  1.1 Hz vs. 9.0  1.1 Hz, p = 0.0171). The highest DF sites in the
paroxysmal AF group were mainly located in the LA anterior, LA ﬂoor,
and LAA, while those in the persistent AF group were diversely located
in the LA and RA.
Comparison of the DF values between the surface ECG and iEGM
Fig. 3A shows the correlation between the surface ECG DF and
iEGM DF. The DF at the LA ﬂoor correlated well with the DF in leads
V8 and V9 (R = 0.55, p = 0.0061; R = 0.68, p < 0.0001, respectively).
The DF in the right inferior PV (RIPV) correlated modestly with
the DF in lead V1 (R = 0.45, p = 0.0118), but that in the remaining
leads did not correlate with the DF values in any other speciﬁc
atrial sites.
Differences in the surface ECG DF between paroxysmal and persistent
AF
The patients with persistent AF had a signiﬁcantly lower DF in
lead V9 (5.7  1.0 Hz vs. 6.7  1.5 Hz, p = 0.0187) than that in those
with paroxysmal AF (Fig. 3B). There were no signiﬁcant between-
group differences in the DF for the other surface leads.
Discussion
Major ﬁndings
The main ﬁndings of this study were (1) a spectral analysis of
the f-waves from the surface ECG was possible from leads V1 and
V9, (2) the DF in leads V8 and V9 modestly correlated with the DF
in the LA ﬂoor and that in lead V1 with the RIPV, and (3) thepatients with persistent AF exhibited a lower DF in lead V9 than
those with paroxysmal AF.
Stability of the surface ECG DF
Lead V1 is commonly used for calculating the DF from the
surface ECG recordings because the ﬁbrillatory signals in that lead
are the largest and most clear [4,5,15]. This ﬁnding is consistent
with our data, but we found that the DF from lead V9 could also be
used. The lack of availability of the other precordial leads for the DF
analysis was due to the low amplitude of the signals. In regard to
the speciﬁc posterior leads V7–V9, the availability for the DF
analysis was higher in the persistent AF group than paroxysmal AF
group. A previous study showed that there was no signiﬁcant
difference in the f-wave amplitude among the paroxysmal,
persistent, and permanent AF groups, despite different frequencies
of the ﬁbrillatory waves [16]. It is well known that the accuracy of
frequency analysis techniques strongly relies on the fact that the
largest possible ﬁbrillatory waves should be present for further
signal processing. Therefore, the ﬁbrillatory activity in lead V9
would represent areas of regular and fast activity, as reﬂected by
the highest DF, in the atria. Considering the results of our study, it
seems that the backward electrical activity in the LA is sufﬁciently
large even during AF. A larger LA volume in the persistent AF
patients than in the paroxysmal AF patients might lead to the
positioning of the LA wall closer to the posterior chest. This may
explain in part why the f-waves in the posterior leads were larger
in the persistent AF patients.
Comparison between the surface ECG DF and iEGM DF
In the present study, the well-recorded DF in surface ECG leads
V1 and V9 correlated with the atrial signals at the speciﬁc LA sites,
but no correlation was found at any RA sites. Previously, in an
attempt to infer the spectral components of AF, the DF analysis of
the atrial activity at multiple sites of the atria has shown that high
DF sites during AF are mainly located in the LA [11,12], and this
Fig. 3. Comparison of the DF in the surface ECG and iEGM. (A) Correlation between the DFs recorded from the surface ECG and iEGM. Good correlations are noted between the
DFs in the surface leads V8 and V9 and the iEGM DF on the LA ﬂoor, and that in lead V1 with the RIPV. (B) Comparison of the DF in lead V9 between paroxysmal and persistent
AF. The patients with persistent AF show a lower DF in lead V9. DF, dominant frequency; ECG, electrocardiogram; iEGM, intracardiac electrogram; LA, left atrium; RIPV, right
inferior pulmonary vein; AF, atrial ﬁbrillation.
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initiation or maintenance of AF compared with the RA. Our study
also showed that the overall DF values were higher in the LA than
in the RA. Theoretically, the DF is derived from the local ﬁbrillatory
activity intervals. In the patients with paroxysmal AF, this study
showed an LA-to-RA frequency gradient which is consistent with
previous reports. Therefore, the potential source of a higher DF on
the surface ECG originated from the LA rather than the RA. Previous
studies have reported that a frequency analysis in a certain surface
ECG lead closely correlates with the electrical activity of a certain
part of the RA or LA [5,15]. However, a recent study has shown that
the standard ECG leads are not adequate when trying to explore
the intracardiac dynamics with similar techniques as in this study
[17]. This discrepancy might be explained by an ambiguity of the
surface ECG DF caused by not only the extent of the structural and
electrical remodeling of the LA, which provides some change in the
electrical activity, but also the surface ECG reﬂecting a wider area
of the atria including the atrial septum and RA. However, this study
showed that the DF in lead V9 might be an optimal parameter for
predicting the extent of LA structural remodeling.
The substrate for the maintenance of AF
The progressive atrial remodeling in AF promotes shortening of
the atrial action potential duration, resulting in the existence of
high frequency sites of ﬁbrillatory activity detected using a spectral
analysis, and plays an important role in the initiation and
maintenance of AF [1–3]. Therefore, in the persistent AF patients,
the DF in the LA body could be hypothesized to be increased
because most pulmonary veins become much less active than that
in paroxysmal AF patients. Nonetheless, in the present study, the
persistent AF patients had a lower DF in lead V9, which correlatedmore with the DF in the LA ﬂoor than that in the paroxysmal AF
patients. One potential explanation for our contradictory ﬁnding is
the issue of the uncertainty of measuring the DF itself. Some
reports have shown that the DF values or fractionated activity in
the LA is more pronounced in persistent AF than in paroxysmal AF
[9,10,13], but others have shown contradictory ﬁndings [18,19].
For example, a previous paper demonstrated that there were no
signiﬁcant differences in the DF within the CS electrograms
between paroxysmal and persistent AF patients [18]. Rather, we
believe that the DF in persistent AF might be dependent on the
balance of the extent of the structural and electrical remodeling of
the LA. A previous study showed that the LA sites with progressive
ﬁbrotic changes, detected by gadolinium-enhanced magnetic
resonance imaging, led to a longer AF cycle length and more
organized electrical activity during AF than the other sites [19].
Thus, the present study suggested that the lower ﬁbrillatory
activity recorded from lead V9 represented the progressive
structural remodeling of the LA ﬂoor in persistent AF patients.
Study limitations
The present study may be limited by several factors. Firstly, the
present study involved a small number of patients (n = 48).
Secondly, as a whole the surface ECG DF values were lower than the
iEGM DF values. This may be due to the differences in ﬁltering
process between the surface ECG and iEGM recordings and in
recording area, i.e. the recording area of surface ECG is wider than
that of iEGM. Thirdly, the iEGM DF detection is automatic and
based on an algorithm that is a part of the NavX software. However,
the algorithm has been validated by many reported studies
[9,20]. Fourthly, as a measure of the regularity, the RI can be used to
provide reliable information about the regularity of the signal
N. Sasaki et al. / Journal of Cardiology 66 (2015) 388–394394capable of avoiding the inaccuracies associated with irregular and
fractionated signals. Previous studies have shown that the DF
with an RI below 0.2 is an inadequate value for the iEGM [1,13], but
in the present study we conﬁrmed that most of the power from
the surface ECG was concentrated in a single narrow peak with an
average RI of 0.2 as shown in Table 2, but the range of the RI in all
measurements was from 0.18 to 0.23. Furthermore, we previously
reported that the RI was inﬂuenced by the inter-electrode spacing
of the recording catheter although the DF values were similar
regardless of the electrode distance [14]. Thus, a relatively low RI in
the present study may reﬂect the setting of the surface ECG
recording and subsequent frequency analysis with given ﬁlters.
Finally, we did not measure LA scars associated with the structural
remodeling by enhanced MRI. However, the echocardiographic
data and voltage mapping of the LA have generally been used to
assess LA remodeling [21,22].
Conclusions
A frequency analysis from surface ECG leads V8 and V9 was
feasible and the DF of those leads correlated with the DF on the
LA ﬂoor. The DF in lead V9 was lower in patients with persistent
AF than that in those with paroxysmal AF. Thus, the frequency
analysis of the f-waves from lead V9 can be a non-invasive marker
to predict advanced structured remodeling of the LA.
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